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Supersonic ﬂowAbstract This paper investigates the inﬂuence of forward-swept wing (FSW) positions on the aero-
dynamic characteristics of aircraft under supersonic condition (Ma= 1.5). The numerical method
based on Reynolds-averaged Navier–Stokes (RANS) equations, Spalart–Allmaras (S–A) turbu-
lence model and implicit algorithm is utilized to simulate the ﬂow ﬁeld of the aircraft. The aerody-
namic parameters and ﬂow ﬁeld structures of the horizontal tail and the whole aircraft are
presented. The results demonstrate that the spanwise ﬂow of FSW ﬂows from the wingtip to the
wing root, generating an upper wing surface vortex and a trailing edge vortex nearby the wing root.
The vortexes generated by FSW have a strong downwash effect on the tail. The lower the vertical
position of FSW, the stronger the downwash effect on tail. Therefore, the effective angle of attack
of tail becomes smaller. In addition, the lift coefﬁcient, drag coefﬁcient and lift–drag ratio of tail
decrease, and the center of pressure of tail moves backward gradually. For the whole aircraft,
the lower the vertical position of FSW, the smaller lift, drag and center of pressure coefﬁcients
of aircraft. The closer the FSW moves towards tail, the bigger pitching moment and center of pres-
sure coefﬁcients of the whole aircraft, but the lift and drag characteristics of the horizontal tail and
the whole aircraft are basically unchanged. The results have potential application for the design of
new concept aircraft.
 2016 Chinese Society of Aeronautics and Astronautics. Production and hosting by Elsevier Ltd. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
As the spanwise ﬂow of forward-swept wing (FSW) ﬂows from
the wingtip to the wing root, the boundary layer of wing root
grows thicker, thus the ﬂow separation initially occurs at the
wing root. Therefore, FSW solves the wingtip stalling problem,
improving the aerodynamic efﬁciency and maneuverability of
aircraft. Due to these advantages, FSW technology was intro-
duced into engineering application before and during the
Nomenclature
CL Lift coefﬁcient
CD Drag coefﬁcient
Cp Pressure coefﬁcient
L/D Lift–drag ratio
xcp Center of pressure coefﬁcient
LB Length of body, m
DB Diameter of cylindrical body, m
v Swept angle
l Span, m
k Aspect ratio
a Angle of attack
Initials
B Body of aircraft
T Tail of aircraft
W Wing of aircraft
Fig. 1 Forward-swept wing (FSW) aircraft.
Table 1 Geometric parameters of FSW aircraft.
Each part Geometric parameter
Item Symbol Value
Body Length of body LB (m) 1
Diameter of cylindrical body DB (m) 0.09
FSW Swept angle of leading edge vW0 () 40
Swept angle of trailing edge vW1 () 50
Span lW (m) 0.275
Aspect ratio kW 0.047
Tail Swept angle of leading edge vT0 () 24
Swept angle of trailing edge vT1 () 0
Span lT (m) 0.135
Aspect ratio kT 0.015
Fig. 2 Half of FSW model with structured grid.
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the Ju-287 jet bomber in 1940s, which was a typical FSW air-
craft at that time. With the increase of Mach number, FSW
technology encountered a series of problems, such as aeroelas-
tic divergence and yaw instability. The development of mate-
rial and control technology helped FSW aircraft enter a new
stage. Grumman Corporation built two X-29 technology
demonstrators in 1980s and Sukhoi Company showed the
Su-47 ﬁghter prototype in 1997; both of them are new repre-
sentatives of FSW aircraft. In addition, FSW technology has
a wide application in guided weapons; the Fire Shadow loiter-
ing munition of MBDA Company adopts FSW conﬁguration
to save space and get better aerodynamic characteristics.
Researchers have investigated the aerodynamic characteris-
tics of FSW aircraft in many respects. In order to optimize the
ﬂow ﬁeld structure and improve the aerodynamic efﬁciency of
FSW aircraft, researchers proposed the canard-FSW conﬁgu-
ration. Behrbohm1 found that close-coupled canard wing con-
ﬁguration has many advantages. The aerodynamic interference
between canard vortex and wing vortex is favorable and can
obviously improve the aerodynamic performance of aircraft.
Breitsamter and Laschka2 investigated the vortical ﬂow ﬁeld
structure of FSW conﬁgurations by experimental method.
Compared with the back-swept wing (BSW) conﬁguration,
the FSW conﬁguration has a bigger lift-drag ratio under sub-
sonic condition. The leading edge vortex of FSW is generated
rotating oppositely to the wingtip vortex at moderate angle of
attack. The trailing edge vortex of FSW has the same rota-
tional direction with the wingtip vortex. Zhang et al.3,4 inves-
tigated the aerodynamic characteristics of canard-FSW
conﬁgurations by numerical method. According to their study,
the aerodynamic interference and coupling effect between
canard and wing have great inﬂuences on the aerodynamic
characteristics of aircraft. The canard vortex can induce a
favorable interference onto the main wing, controlling the sep-
aration of boundary layer from the leading edge. Owens and
Perkins5 studied the aerodynamic characteristics of horizontal
tandem wing conﬁguration by experimental method. Com-
pared with the horizontal two-surface conﬁguration (FSW
and tail), the three-surface conﬁguration (FSW, tail and
canard) provides better longitudinal control ability. Wang
et al.6 studied the longitudinal aerodynamic characteristics of
canard-FSW conﬁguration by experimental method. The con-
clusions indicate that the close-coupled canard wing conﬁgura-
tion is helpful to increase the lift coefﬁcient and the stalling
angle of FSW. Consequently, the maneuverability of aircraft
can be improved greatly.
916 J. Lei et al.Variable FSW conﬁguration can improve the aerodynamic
characteristics of aircraft at subsonic, transonic and supersonic
conditions respectively. Liu et al.7–9 investigated the ﬂow
mechanism of variable FSW conﬁguration by numerical
method. According to their study, the orthogonal wing can
achieve greater lift-drag ratio while taking off and landing
under subsonic condition. FSW conﬁguration can improveFig. 3 Pressure distributions on ONERA-M6 wing.
Fig. 4 Lift coefﬁcient of tail, (CL)T-a.the stalling characteristics of aircraft under transonic condi-
tion. BSW conﬁguration can decrease the shock wave drag
during chasing and escaping under supersonic condition. Sun
et al.10 performed a numerical study on the aerodynamic char-
acteristics of W-shaped tailless conﬁguration. Their results
show that the performance of W-shaped tailless conﬁguration
is excellent, and has a good prospect for development. XiaoFig. 5 Pressure distributions on the tail, a= 12.
Fig. 7 Streamlines of FSW, a= 12.
Fig. 6 Pressure distributions on the tail, z= 0.05, a= 12.
Numerical study of aerodynamic characteristics of FSW aircraft with different wing positions under supersonic condition 917and Wang11 studied the aerodynamic characteristics of W-
shaped tailless conﬁguration by numerical method. According
to their study, the ﬂow separation of FSW initially occurs at
wing root, thus the control surfaces nearby wingtip have good
operating efﬁciency.
The ﬂow separation nearby the root of FSW can be well
controlled by proper shape modiﬁcation. Traub and
Lawrence12 carried out a comparative study between FSW
conﬁguration and BSW conﬁguration by experimental
method. The forward extension (a strake) is beneﬁcial when
used with FSW but detrimental when used with BSW. Zhang
and Laschka13,14 investigated the ﬂow control approaches ofFSW by experimental method. They found that the close-
coupled canard wing and back-swept strake can restrict the
ﬂow separation of FSW, thus improve the aerodynamic char-
acteristics of FSW aircraft enormously.
Tail is important control surface and stabilizer of aircraft.
It has great inﬂuence on the maneuverability and stability of
aircraft. So it is necessary to study the aerodynamic charac-
teristics of tail. As far as we know, for the common conﬁg-
uration with FSW, there is no study on the aerodynamic
characteristics of horizontal tail and whole aircraft under
supersonic condition. As a supplementary study, this
research investigates the aerodynamic characteristics of the
horizontal tail and the whole aircraft with different FSW
positions. The paper is organized in the following way: Sec-
tion 2 shows the computational model and numerical
method. Section 3 gives out the calculation results and
analysis. The conclusions of this study are presented in
Section 4.
2. Numerical method and calculating model
2.1. Governing equations
In this paper, the ﬁnite volume method is used to solve the
Navier–Stokes equations, which can be written as
@
@t
Z
V
WdVþ
I
½F G  dA ¼
Z
V
HdV ð1Þ
where H is the source term, W, F and G are deﬁned as
Fig. 8 Streamlines perpendicular to body axis, x= 0.94,
a= 12.
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Here q, E, and p are the density, total energy per unit mass,
and pressure of the ﬂuid, respectively. v is the velocity of ﬂuid,
and u, v, w are the velocity components. s is the viscous stress
tensor, and sxi, syi, szi, sij are the tensor components. i, j, k are
the unit vectors and q is the heat ﬂux.
Total energy E is related to the total enthalpy H by
E ¼ H p
q
¼ hþ jvj
2
2
 !
 p
q
ð3Þ2.2. Turbulence model
The numerical method in this paper uses the Spalart–All-
maras (S–A) turbulence model, which is a relatively simple
one-equation model that solves a modeled transport equa-
tion for the kinematic eddy (turbulent) viscosity. The S–A
model was designed speciﬁcally for aeronautics and astro-
nautics applications involving wall-bounded ﬂows and has
been shown to give good results for boundary layers sub-
jected to adverse pressure gradients. Moreover, the compu-
tational complexity of the S–A model is small and its rate
of convergence is fast.
The transported variable ~v in the S–A model is identical to
the turbulent kinematic viscosity except in the near-wall
(viscosity-affected) region. The transport equation for ~v isFig. 9 Drag coefﬁcient of tail (CD)T vs angle of attack a.
Table 2 Drag coefﬁcient of tail, a= 12.
Conﬁguration Pressure drag
coeﬃcient
Friction drag
coeﬃcient
Total drag
coeﬃcient
BT 0.772 0.022 0.794
BTWhigh 0.600 0.022 0.622
BTWmiddle 0.522 0.022 0.544
BTWlow 0.488 0.020 0.509
Fig. 12 Center of pressure coefﬁcient of tail xcp
 
T
vs angle of
attack a.
Fig. 10 Pressure contours of the z= 0.08 section, a= 12.
Fig. 11 Lift-drag ratio of tail (L/D)T vs angle of attack a.
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d~v
dt
¼ Gv þ 1r~v
@
@xj
lþ q~vð Þ @~v
@xj
 
þ Cb2 @~v
@xj
  
 Yv ð4Þ
where Gv is the production of turbulent viscosity and Yv the
destruction of turbulent viscosity that occurs in the near-wall
region due to wall blocking and viscous damping. r~v and Cb2
are the constants and ~v is the molecular kinematic viscosity.
l is the dynamic viscosity of the ﬂuid.
2.3. FSW models and computational conditions
As shown in Fig. 1(a), the FSW conﬁguration is composed of
body (B), wing (W) and tail (T). According to Table 1, which
shows the geometric parameters of each part.Fig. 1(b) is the left view of body with different FSW posi-
tions. The letters ‘‘B”, ‘‘T” and ‘‘W” represent the body, tail
and wing respectively. The subscripts ‘‘high”, ‘‘middle”, ‘‘low”,
‘‘front” and ‘‘back” represent different positions of FSW. A
simple conﬁguration named BT (Body and Tail) is added to
study the aerodynamic characteristics of aircraft with and
without wing contrastively.
The Mach number, static pressure and temperature are
Ma=1.5, P=101325 Pa and T=300 K respectively. The
range of angle of attack a is 0–12. The length of body
LB= 1 m is used as the reference length, and the cross section area
of cylindrical body Sref = 0.0064 m
2 is used as the reference area.
2.4. Grid and boundary conditions
As shown in Fig. 2, half of the FSW model is utilized to save
the computing resources and improve the computational efﬁ-
ciency. The structured grid is used to discrete the computa-
tional domain. The pressure far-ﬁeld boundary condition is
adopted for the outer boundary of computational domain.
The symmetry boundary condition is imposed on the longitu-
dinal symmetrical plane. The no-slip wall boundary condition
is applied on the surface of aircraft.
Fig. 13 Aerodynamic characteristics of the whole aircraft.
920 J. Lei et al.2.5. Validation of computational method
In order to validate the accuracy of the computational method,
the viscous ﬂow ﬁeld of ONERA-M6 wing is calculated under
the conditions of Ma= 0.8395, Re= 1.172  107 and
a= 3.06. Fig. 3 shows the pressure distribution curves of
ONERA-M6 wing surface at 20% and 90% spanwise sections.
The calculation results agree well with the experimental data,15
which validates the accuracy of the computational method in
this paper. Moreover, the calculation method could capture
the local shock wave of the wing, which means it is suitable
for low supersonic conditions.3. Results and analysis
3.1. Aerodynamic characteristics of FSW aircraft with different
vertical wing positions
The ﬂow ﬁeld of aircraft with different FSW vertical positions
was calculated at Ma= 1.5. Fig. 4 shows the lift coefﬁcient of
a pair of horizontal tails. Compared with the tail of FSW con-
ﬁgurations, the tail of BT conﬁguration has a bigger lift coef-
ﬁcient at the same angle of attack. For the conﬁgurations with
FSW, the lower the vertical position of FSW, the smaller the
lift coefﬁcient of tail.Fig. 5 shows the pressure distribution curves of tail surface
at a= 12. Normally, the upper tail surface has a smaller pres-
sure coefﬁcient than the lower tail surface, generating a posi-
tive normal force. According to Fig. 5(a), compared with the
tail of BTWmiddle, the tail of BTWhigh has a bigger pressure dif-
ference and positive normal force.
According to Fig. 6, which shows the details of Fig. 5(a),
the upper tail surface of BTWlow has a bigger pressure coefﬁ-
cient than the lower tail surface. Consequently, the tail root
of BTWlow generates a negative normal force and decreases
the total normal force of tail. As is known, normal force makes
a great contribution to lift.
Based on the above analysis, the lift coefﬁcient of the tail of
BTWhigh is the biggest, and the lower the vertical position of
FSW, the smaller lift coefﬁcient of tail. This agrees well with
the regularity in Fig. 4.
As shown in Fig. 7, the spanwise ﬂow of FSW ﬂows
from the wingtip to wing root, generating an upper wing
surface vortex and a trailing edge vortex nearby the wing
root and tail root. Therefore, the vortexes induced by
FSW have a great inﬂuence on the aerodynamic character-
istics of the tail root. Fig. 7 also shows the rotational direc-
tion of the vortexes; the trailing edge vortex has the same
rotational direction with the wingtip vortex. On the con-
trary, the upper wing surface vortex has an opposite rota-
tional direction.
Fig. 14 Aerodynamic characteristics of horizontal tail.
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perpendicular to the body axis at the position of x= 0.94
(x/LB = 94%). For the BT conﬁguration without FSW, there
is a leeward side vortex above the tail and a windward side vor-
tex below the tail. For the conﬁgurations with FSW, such as
BTWhigh and BTWmiddle, there is an upper wing surface vortex
and a trailing edge vortex above the tail, and a windward side
vortex below the tail. The ﬂow ﬁeld structure of the tail of
BTWlow conﬁguration is similar to the formers, but the trailing
edge vortex is divided into two parts by the horizontal tail. As
shown in Fig. 8(d), the strength of the trailing edge vortex
under the tail is stronger than the trailing edge vortex on the
tail. Thus the upper tail surface has a bigger pressure coefﬁ-
cient than the lower tail surface, generating a negative normal
force at the tail root.
In summary, both Figs. 5 and 8 demonstrate that the vor-
texes induced by FSW have a signiﬁcantly downwash effect
on the tail, especially on the tail root. The lower the vertical
position of FSW, the stronger the downwash effect on the tail;
meanwhile the lift coefﬁcient of tail decreases.
The drag coefﬁcient of a pair of horizontal tails is shown in
Fig. 9. In the angle of attack range of 0–4, the drag coefﬁcient
of the tail of BTWmiddle is the smallest. But in the angle ofattack range of 6–12, the lower the vertical position of
FSW, the smaller the drag coefﬁcient of tail.
According to Table 2, at the angle of attack a= 12, the
pressure drag coefﬁcient of tail decreases with FSW moving
downward, but the friction drag coefﬁcient of tail is basically
unchanged. Consequently, the total drag coefﬁcient of tail
decreases and this agrees well with the regularity in Fig. 9.
It is known that the shock wave makes a great contribution
to the total drag under supersonic condition. Fig. 10 gives out
the pressure contours of the z= 0.08 longitudinal section,
which shows the inﬂuence of FSW on the shock wave strength
of tail. As shown in Fig. 10, at the position of z= 0.08, the
lower the vertical position of FSW, the weaker the shock wave
strength. In addition, the pressure drag coefﬁcient of tail
becomes smaller, and the total drag coefﬁcient of tail
decreases.
In a word, Table 2 and Fig. 10 indicate the same thing, the
ﬂow of FSW has a great effect on the pressure drag of tail. The
pressure drag and total drag coefﬁcients of tail decrease with
the FSW moving downward.
As shown in Fig. 11, in the angle of attack range of 0–10,
the lower the vertical position of FSW, the smaller lift-drag
ratio of tail.
Fig. 15 Pressure contours of the z= 0.08 longitudinal section,
a= 12.
922 J. Lei et al.Fig. 12 shows the center of pressure coefﬁcient of tail,
which is deﬁned as
xcp
 
T
¼ ðxcpÞT
b0
ð5Þ
where (xcp)T is the chordwise distance between the leading edge
of tail root and the center of pressure of tail, and b0 the length
of the root chord of tail. It can be seen from Fig. 12, the lower
the vertical position of FSW, the bigger the center of pressure
coefﬁcient of the tail.
The aerodynamic characteristics of the whole aircraft are
shown in Fig. 13. At a high angle of attack, the lower thevertical position of FSW, the smaller the lift and drag coefﬁ-
cients of the whole aircraft. Moreover, the center of pressure
moves forward gradually.
3.2. Aerodynamic characteristics of FSW aircraft with different
longitudinal wing positions
Fig. 14 shows the effects caused by the longitudinal positions
of FSW on the aerodynamic characteristics of the horizontal
tail. It can be observed that the longitudinal positions of
FSW affect the lift and drag characteristics little. Fig. 14(d)
shows that the pressure centers of the tail of BTWfront and
BTWmiddle are similar, and both of them locate in front of
the pressure center of the tail of BTWback.
Shock wave makes a great contribution to the total drag
under supersonic condition. Fig. 15 gives the pressure con-
tours of the z= 0.08 longitudinal section, which shows the
inﬂuence of FSW on the shock wave strength of tail. As
shown in Fig. 15, with FSW moving towards tail, the shock
wave strength of the horizontal tail is basically unchanged,
thus the pressure drag coefﬁcient of tail changes little. In
addition, the total drag coefﬁcient of tail is basically
unchanged.
Fig. 16 shows the effects caused by the longitudinal posi-
tions of FSW on the aerodynamic characteristics of the whole
aircraft. Shown in Fig. 16, the longitudinal positions of FSW
have little effect on the lift and drag coefﬁcients of the whole
aircraft. However, the longitudinal positions of FSW have a
great inﬂuence on the pitching moment coefﬁcient Cm (with
respect to the center of nose) and the center of pressure coefﬁ-
cient of the whole aircraft. As is known to all, the main wing
makes a great contribution to the total normal force of air-
craft. Therefore, the closer the FSW moves towards tail, the
larger distance between the total normal force and nose. Addi-
tionally, the pitching moment coefﬁcient of the whole aircraft
increases and the center of pressure moves backward
gradually.4. Conclusions
(1) The spanwise ﬂow of FSW ﬂows from the wingtip to
wing root, generating an upper wing surface vortex
and a trailing edge vortex nearby the wing root.
(2) The vortexes generated by FSW have a strong down-
wash effect on the tail, especially on the tail root.
The lower the vertical position of FSW, the stronger
the downwash effect on tail. Therefore, the effective
angle of attack of tail becomes smaller. In addition,
the lift coefﬁcient, drag coefﬁcient and lift-drag ratio
of tail decrease, and the center of pressure of tail
moves backward gradually. At high angle of attack,
the lower the vertical position of FSW, the smaller
lift, drag and center of pressure coefﬁcients of the
whole aircraft.
(3) The closer the FSW moves towards tail, the bigger pitch-
ing moment and center of pressure coefﬁcients of the
whole aircraft, but the lift and drag characteristics of
horizontal tail and the whole aircraft are basically
unchanged.
Fig. 16 Aerodynamic characteristics of the whole aircraft.
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